To evaluate the radiological, histological and mechanical effects on osteoporotic fracture healing of single-dose zoledronic acid (ZA) applied to an animal model with an experimentally created osteoporotic bone fracture.
INTRODUCTION
Bisphosphonates, which are the most commonly used medications in the treatment of osteoporosis, inhibit bone resorption, creating an anti-catabolic effect. Zoledronic acid (ZA) is the most potent of these medications (1) . Due to this anti-catabolic property, the ZA effect on bone healing has been examined in many experimental studies (2, 3, 4) . However, the healing of an osteoporotic bone is different from normal fracture healing (5) . Therefore, it should be remembered that even after an excellent operation, success will be determined by the strength and quality of the newly formed bone. Although the available clinical evidence is insufficient, the slowdown in bone mechanism in osteoporosis is considered to possibly be responsible for delayed callus maturity and the retardation in bone healing (6) . However, although ZA, which is frequently used in osteoporosis treatment, is known to reduce the risk of new fracture formations, its effect on fracture healing in osteoporotic patients is as yet unknown. 
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AIM
The aim of the present study was to evaluate the effect of ZA, which is commonly used in the treatment of osteoporosis, on the healing of bones with osteoporotic fractures created experimentally in rabbits using radiological, histological and mechanical methods.
METHODS
14 adult female New Zealand rabbits, aged 5-6 months, were obtained from a local laboratory animal application and research center for use in the study. Approval for the study was granted by the Local Ethics Committee for Animal Research. To take the bone densitometry measurements at the beginning of the study, all the animals were administered intramuscular 40 mg/kg ketamine hydrochloride (Ketalar, Pfizer Inc., Istanbul, Turkey) and 5 mg/kg xylazine (Rompun, Bayer Turkish Chemical Inc., Istanbul, Turkey) then positioned prone while under general anaesthesia. 
First operation (Ovariectomy)
Under general anesthesia, for surgical prophylaxis, each rabbit was injected 50 mg/kg cefazolin sodium (Sefazol, Mustafa Nevzat Medical Inc. Istanbul, Turkey) intramuscularly. The abdominal cavity was opened with a 4 cm laparotomy incision along the abdominal midline. After reaching the ovaries, the mesovarium and tuba uterina were ligated and ovarian tissues were bilaterally excised. After a 10-week waiting period, the presence of osteoporosis was confirmed by repeated BMD measurements showing a decrease of at least 28% from the previous values.
Second operation (Intrameduller fixation)
A vertical 3 cm incision was made on anterior of the knee. Medial parapatellar arthrotomy was performed to reach the joint. The patella was transferred to the lateral. The knee joint was put in flexion and a 2.5 mm intramedullary K-wire was advanced retrograde so as to center the femur intercondylar area from the patellofemoral joint line level. The end of the K-wire was cut off to avoid contact with the joint (Figure 1) . Following the intramedullar placement of a K-wire, a standard closed fracture was applied to the femur using the the three-point technique with the device described by Bonnerans et. al (7). All procedures were applied in the laboratory while the animals were under anesthesia. The fractures produced were confirmed with standard femur antero-posterior and lateral (Shimadzu, Kyoto, Japan) radiographs taken while the animals were still anesthetized. The animals were then randomly separated into 2 groups as ZAG and CG. Animals in CG were administered intravenous saline placebo of 0.9% in the ear vein and the ZAG subjects were administered zoledronic acid (Zometa®, 4mg Flacon, Novartis, Istanbul, Turkey) as 0.1 mg/kg diluted in 10 ml saline using an infusion pump over 15 minutes.
Radiological Evaluation
10 weeks after the second operation radiographic union was observed. All animals were euthanatized by decapitation. The femurs with the implants were disarticulated from the knee and hip joints. All soft tissue was removed from the bone. Union evaluation was made from 2 site radiographs using a radiological scoring system of remodelling, bone healing findings and periosteal reactions in the union area (8) ( Table 1) , Evaluations of the samples were made by two separate radiologists.
Mechanical Tests
4 samples were taken from each group for mechanical evaluation. K-wires were removed from the intramedullar canal before testing. In the three-point bending test, the sample was placed between two supports at L distance and P force was applied on the midpoint. A universal testing device of 250 kN load capacity (ALERGE®, Istanbul, Turkey) was used for the test. To assess the relationship between the force and the amount of collapse at the midpoint, force was applied at 10 mm/minute and the data of the force applied and the amount of collapse were recorded.
Histological Evaluation
Histological evaluation was applied to all samples. For histopathological examination bone tissues were cut into 2-3 mm sections using a spring-saw in order to include the callus tissues formed after the union and these then were put into the decalcification solution (Biodec®, Biooptica, Milano, Italy). We observed that bone tissues have decalcified on the sixth day. The samples were put through alcohol and xylol series with the routine automatic follow-up system (Shandon® Waltham, Massachusetts, USA), and were then embedded in paraffin blocks and cut into circular sections of 4-5 microns. Samples were stained with hematoxylin-eosin. Histological classification of healing was made in accordance with the histological healing scale defined by Huoet. al (9) ( Table 2 ). In the 16 th week of the study, one of the subjects in the control group was lost through natural causes and was excluded from the study.
Statistical Evaluation
Statistical data analysis was carried out using SPSS 22.0 software. Conformity of the data to normal distribution was evaluated with the Shapiro-Wilktest. For the non-normally distributed data, the Mann-Whitney U test was used to compare two groups. In the comparison of dependent groups, the Paired Samples t-test was applied to normally distributed data. The interclass correlation coefficient was used to determine inter-rater reliability. The level of statistical significance was accepted as a = 0.05.
RESULTS
In bone densitomentry, pre-ovariectomy mean BMD value was found 354 ± 16 mg/cm 2 . At 10 weeks after ovariectomy, bone densitometry was again performed Immature bone and small amount of mature bone 9
Completely immature (woven) bone present 8
Mostly immature bone and little cartilage present 7
Cartilage and immature bone of equal amounts 6
Mostly cartilage and small amount of immature (woven) bone 5
Cartilage tissue present 4
Fibrous tissue and cartilage tissue of equal amounts 3
Mostly fibrous tissue and small amount of cartilage tissue 2
Fibrous tissue is present in the callus tissue of the histological section examined 1 For the radiological evaluation, the radiographs taken at 10 weeks after the formation of the fracture (Figure 2) were scored by 2 independent observers using the previously-mentioned scoring system.
Inter-rater reliability was found to be high at the end of the scorings (ICC = 0.908; 95% CI (0.737-0.970)). Although the ZAG scores were higher than those of CG, the statistical analyses showed no significant difference between the groups (p = 0.073) ( Table 3) .
Following the mechanical evaluation the change in the load applied in relation to the amount of collapse in the CG samples and the values obtained are presented in Table 4 . This table also shows the results concerning rigidity. When these results were assessed statistically, the differences between the groups were not found to be significant (p = 0.086).
In the histological evaluations, a large amount of connective tissue and newly formed capillary vessels 
Figure 2. The view of anteroposterior and lateral radiographs of closed fractures that were created by standard methods and the view of bone union after 10 weeks
were observed in the CG samples (Figure 3) , and immature bone tissues composed of chondrocytes and chondroblasts were dominant in the ZAG samples (Figure 4). As a result of the microscopic scorings, the difference between the two groups was found to be statistically significant (p < 0.001) ( Table 5 ).
DISCUSSION
In this study of the effect of zoledronic acid, which is commonly used in the treatment of osteoporosis, the results showed a positive effect of the administration of a single-dose on experimentally produced osteoporotic fractures in a rabbit model.
There is a complex relationship between osteoporosis and bone healing. Although available clinical evidence is insufficient, the slowing down of bone metabolism has been considered to be responsible for the delayed maturity of callus and the slowdown in bone healing (6) . A review of the literature shows that in general the effects of bisphosphonates on bone healing in animal models are controversial. While some studies have stated that bisphosphonates delay and decrease callus formation but do not affect bone healing quality (10, 11), others have reported an increase in the amount of callus on the fracture line and accordingly, an improvement in fracture resistance (12) . Still other experimental studies have shown that although ZA administration increases callus volume and improves mechanical endurance in the callus area, it causes delays on normal bone healing (2, 3, 4) . With currently gradually increasing use in the treatment of osteoporosis, the effect of ZA on bone healing following fracture in osteoporotic patients is not yet exactly known. In experimental stud- ies, methods such as bilateral ovariectomy applications, low calcium diets along with ovariectomy, corticosteroid administrations following ovariectomy, denervation of the local skeletal area, gravity-free environment and stabilization of the bone with different techniques are used for the production of osteoporotic animal models (13, 14, 15 ). In the current study, all the animals were ovariectomized bilaterally to produce experimental osteoporosis. Prior to the ovariectomy, the BMD of all the rabbits was measured and recorded. In studies carried out to produce experimental osteoporosis in literature, rabbit bones have been examined in biomechanical and densitometrical aspects after bilateral ovariectomy and osteoporotic changes have been observed to occur in at the end of 6-8 weeks (13, 16) . In a study by Baofeng et al., it was stated that human osteoporosis is defined as a decrease of > 2.5 standard deviation (SD), which corresponds to an approximate 25% fall in BMD. At the end of week 10 in that study, a 36% decrease was observed in the BMD of the rabbits which had been applied with ovariectomy and methylprednisolone (15) . Similarly, in the current study, a 10-week period was waited for the development of osteoporosis following ovariectomy in rabbits. BMD was measured again in all the rabbits and the values were compared to the preoperative values. A 28% fall was observed in the bone mineral densities after the ovariectomy in comparison with the previous values. This difference between the two measurements was also found to be statistically significant (p < 0,001). In a study that examined the effects of bisphosphonates on fracture healing, Madsen et al. produced closed fracture models in rat tibias by giving the subjects clodronate and no significant difference was seen in the amount of callus and bone bridging along the fracture line in the direct radiographic assessments carried out in the 4 th week of fracture healing (10) . It was stated that this could have been due to the short healing period of 4 weeks. In another study, Tarvainen et al. examined the effect of clodronate on fracture healing in osteopenic and normal rats (15, 17) . Callus endurance was not determined to be affected by drug administration in the osteopenic group, but it decreased at the end of 8 weeks in the non-osteopenic group. With these findings, it was concluded that bisphosphonates could have different effects on the healing of normal and osteopenic fractures. Accordingly, in the current study, which aimed to examine the effects of ZA on osteoporotic fracture healing, the periosteal reactions in the area of union, the bone healing findings and remodeling were based on the radiological evaluation of healing. Union was present in all 13 of the preparates included in the evaluations. In the analysis of the direct radiographs, it was concluded that remodelling was better in the area of the fracture in the ZAG samples and that bone union was better in this group since more periosteal reactions were present along the fracture line. The ZAG scores were higher than those of the CG and the averages were also higher. That the scorings were applied by two different observers also strengthened this argument. However, these findings were not found to be statistically significant (p = 0.073).
Rabbit
Control
In the assessment of the biomechanical test results of the study, no statistically significant difference was found between the analyses of the samples of ZAG and CG (p = 0.086). However, the finding that the amount of collapse was lower and the values of rigidity were higher in the ZAG samples suggested that the resistance in this group was higher than the samples in the control group and therefore ZAG was more resistant.
In a study by Y. Hao et al. ZA was applied to femur fractures of osteoporotic rabbit models on the postoperative 1 st day, 1 st week and 2 nd week and evaluations were made of bone healing (18) . As a result of biomechanical tests, the strongest group was found to be the one that had been given the drug on the 1 st day while the least strong group was the drug-free control group. The biomechanical findings of the current study are compatible with the related literature, and ZA administration was shown to have a positive effect in biomechanical terms. However, although the elastic collapse and rigidity values of ZAG were found to be higher in the analyses, the differences between the groups were not statistically significant (p = 0.086). Histological evaluation of fracture healing was applied according to the histological healing scale developed by Huo et al (9). According to the evaluation results, fibrous tissue, cartilage tissue, immature (woven) bone and mature (lamellar) bone were found in the section examined and the preparates were assessed based on the amounts. Although partial cartilage tissue and newly formed capillary veins were present in the callus tissue of the CG samples, the fact that fibrous tissue was much more prevalent in comparison to ZAG samples, and that cartilage tissue, mature and immature bone tissues were relatively less indicated that less microscopic healing occurred in the control group. Based on these findings, the healing scores were higher in ZAG and the difference between the groups was found to be statistically significant (p < 0.001). In another study which examined the effects of ZA on osteoporotic rat models following ovariectomy, it was found that ZA inhibited excessive bone resorption, and increased callus development and mineralization, although it prevented endochondral and fibrocartilage callus from developing into immature bone (18) . In yet another study in which the effect of alendronatewas evaluated on fracture healing in dogs, it was observed that bone formation was not affected in the alendronate group while the amount of callus formation was twice or three times higher compared with the control group (19) . Limitations of the current study can be said to be that radiological evaluations were applied with a subjective assessment scale rather than an objective assessment method such as Micro CT, and that biomechanical tests were applied to only 8 of the 13 animals. This was because of concerns that samples required for the histological examinations might have been damaged.
CONCLUSION
According to the findings obtained from this study, in histological assessment of bone healing in ZAG and CG, better healing was observed in ZAG and the data were found to be statistically significant. However, although ZAG values were higher in mechanical and radiological evaluation, there was no statistically significant difference between the two groups. On the basis of these data, zoledronic acid administration can be considered to have a positive effect on fracture healing in osteoporotic fractures. Conflicting results in the related literature can be attributed to the differences in subject types examined, the variety of drugs used, methods of drug injection, drug amounts and differences in timing.
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